Adsorption using clay is increasingly being applied in the secondary treatment of effluents contaminated with organic compounds discharged from oil industries. This study was aimed at applying a combined Langmuir-Freundlich model to describe the multi-component adsorption of organic compounds such as benzene, toluene, ethylbenzene, xylenes and phenol using smectite clay. The results of the study well fitted with the model developed. In addition, the model parameters suggest that maximum adsorption capacities (q m ) can be achieved between 2.45 (toluene) and 22.40 mg g -1 (phenol). The equilibrium points for the compounds were achieved in approximately 20-30 minutes. †
INTRODUCTION
As is often the case, release of toxic wastes into the environment results in the generation or use of products that include one or more chemical species that may be harmful to both human health and environment. Effluents from petrochemical industries and oil refineries are among the major sources of hazardous wastes discharged into the environment. Environmental conditions and the location of refineries influence the nature and quantity of emissions, as well as their impact on the environment. The effluents produced in the oil industry mainly originate from physical separation processes such as deparaffinization and distillation or from processes involving chemical conversions such as catalytic reforming and cracking. Among the organic pollutants present in these effluents, phenol stands out, which is a waste mainly generated from catalytic cracking and fractionation of crude oil. Besides phenol, there are lighter hydrocarbons [identified by the acronym BTEX (benzene, toluene, ethylbenzene and xylene)] that have higher solubility in water. Volatile organic compounds are known to integrate a group of components, which contributes to the formation of photochemical ozone and secondary organic aerosols. This subsequently increases the percentage of greenhouse gases in the environment (Qu et al. 2009 ).
Separation of organic compounds is usually achieved by physicochemical and biochemical methods such as distillation, aeration, filtration operations, oxidative operations, physical adsorption and bioremoval. As described by Wang and co-workers, a combination of such methods is widely used in the treatment of liquid effluents contaminated by aromatic organic compounds (Wang et al. 2004) . One of the techniques applied to the treatment of effluents contaminated with pollutants is adsorption using clay, and a number of studies have focused on adsorption using organoclays (Jaynes and Boyd 1991; Gitipour et al. 1997; Jaynes and Vance 1999; Sharmasarkar et al. 2000; Koh and Dixon 2001; Juang et al. 2002; Lee et al. 2004; Lake and Rowe 2005; Carmody et al. 2007; Han Ko et al. 2007; Richards and Bouazza 2007; Mangrulkar et al. 2008; Nunes et al. 2008; Khenifi et al. 2009 ). The advantage of using these adsorbents is mainly their easy availability, with relatively low cost and large surface area (Qu et al. 2009 ). However, the capacity of clay to adsorb water-soluble, polar or cationic organic molecules is very low, owing to the hydrophilic nature of the mineral surfaces; substituting inorganic cations with organic cations by ion exchange converts the hydrophilic surfaces of clays into hydrophobic, resulting in the formation of organophilic clays. Organophilic clays are normally prepared using a quaternary ammonium cation with the following general formula: [(CH 3 ) 3 NR] + or [(CH 3 ) 2 NRR′] + , where R and R′ are the hydrocarbons. The properties and adsorbent capacity of clays depend on the molecular size of R and R′ groups . The inter-lamellar layers of clays have a high affinity towards organic cations, which partly results from the lateral interactions of adsorbed organic cations, termed cooperative adsorption (Wypych and Satyanaryana 2004) . Gitipour et al. (1997) , Jaynes and Vance (1999) , Sharmasarkar et al. (2000) , Lake and Rowe (2005), Qu et al. (2009) and Aivalioti et al. (2010) studied the adsorption of BTEX onto modified clays in multi-component systems and attributed the occurrence of the different kinds of adsorption isotherms between phases involved to electrostatic attractions, co-adsorption, polarity and other thermodynamic effects. In an earlier study, sorption isotherms for adsorption of phenol on various organosmectites have also been measured (Shen 2004) . The results indicate that the exchanged organic cations affected the sorptive behaviour of smectite in some manner that appeared to be related to the size and molecular arrangement of the exchanged organic cations in the clay.
The present study aimed at evaluating the parameters of multi-component adsorption of BTEX and phenol by applying a mathematical adsorption model that combines the aspects of Langmuir and Freundlich (LF) models. The evaluation and selection of the liquid-solid adsorption systems were performed by taking the equilibrium and kinetic parameters into considerations.
MATERIAL AND METHODS

Preparation of the Adsorbent
The smectite clay used in this work was a natural montmorillonite, obtained from the Boa Vista region (Paraiba, Brazil). The clay was chemically treated with cetyltrimethylammonium chloride (CTAC) to promote an organophilic adsorbent material based on its cation-exchange capacity (CEC), which represents the maximum amount of organic cation that can be exchanged on the clay surface (Khenifi et al. 2009 ). The CEC of the clay was determined using a 3 M ammonium acetate solution where the cations present on the surface were replaced by cations of ammonium. After exchanging the cations, the sample was washed with ethyl alcohol to remove the excess of ammonia that is present on the surface and subsequently treated with a solution of sodium hydroxide. The ammonia produced was bubbled in a standard sulphuric acid solution and the unconsumed acid was titrated with a standard solution of sodium hydroxide. Based on the CEC (78.3 meq g -1 ), the organoclay was obtained using a method similar to that described by .
Analysis
BTEX compounds and residual phenol were identified by high-performance liquid chromatography (HPLC; Shimadzu LC-20A Prominence) under the following operating conditions: composition of the acetonitrile/methanol/water mobile phase, 28/35/37 v/v/v, respectively, according to method proposed by Breitkreitz et al. (2009) ; UV detector wavelength, 210 nm; injection volume, 20 µl; C18 chromatography column; column temperature, 40 °C.
Multi-Component Adsorption
BTEX and phenol chemicals (purity: 99.95-99.99 wt%; Ultra Scientific) were used to prepare the adsorbate stock aqueous solutions in methanol (0.20 wt%). The experiments were performed at controlled temperature (23 ± 1 °C) to avoid evaporation losses and the solutions were constantly stirred for 15 minutes so as to achieve complete homogenization of the mixture. The kinetic evaluation of the adsorption behaviour was carried out as follows: for 1 g of clay, 50 ml of solution (water based) was added at the following initial concentrations: benzene (17.23 mg l -1 ), toluene (17.17 mg l -1 ), m-xylene (17.17 mg l -1 ), p-xylene (17.17 mg l -1 ), ethylbenzene (17.10 mg l -1 ) and phenol (20 mg l -1 ). The mixture was constantly stirred in an environment maintained at a temperature of 23 ± 1 °C. The samples were collected from the liquid phase between 0 and 120 minutes and were immediately analyzed by HPLC. The equilibrium experiments were carried out in 125-ml Erlenmeyer flasks sealed with parafilm, where 50 ml BTEX and phenol solutions with initial concentration varying from 2 to 29 mg/l were mixed with a constant mass of organoclay (1 g). The dispersions were shaken (300 rpm) at a constant temperature (23 ± 1 °C) for 240 minutes and the final concentrations of BTEX and phenol were determined by HPLC.
Mathematical Modelling
Because of the complex nature of the adsorption systems using a mixture of components, there is no specific model that can universally be applied to such systems. Consequently, the combined model of LF has been used for binary mixtures, and this combination has shown relative success. Moreover, the extended model is limited to constituents of similar molecular size, and should be used with caution. This way, an LF-based model can be applied to constituents of similar molecular size and nature (e.g. BTEX and phenol). Basic hypotheses guiding the phenomenological behaviour of the fluid-solid adsorption processes focused on the steps of adsorption on the adsorbent surface, which are in accordance with the Langmuir and Freundlich model applied to the multi-component system (BTEX and phenol) in our study. The net adsorption rate (r i ) representing the kinetic behaviour of the process can be represented by the following equation (Ruthven 1984 ):
(1)
where C′ i are the BTEX and phenol concentrations in the liquid phase and θ′i (θ′ i = q′ i /q′ imax ) are the fractions of surface sites occupied by components i. q′ i and q′ imax are the concentrations on the adsorbent surface, and k′ ai and k′ di are the adsorption and desorption kinetic constants, respectively.
The representation of the solute-smectite organoclay adsorptive operation in the case of the discontinuous absorber is established using the following mass balance equation: V(dCi/dt) = mr i , where i = BTEX and phenol. This mass balance including the adsorption rate (r i ), and also considering the relation q′ i = (C io -C i )V/m, is expressed in relation to the component concentrations in the liquid [Equation (2)].
( 2) where K′ i = k′ adi /k′ di are the equilibrium constants of BTEX/phenol-clay adsorptions, and V and m are the adsorbent volume of the liquid phase and the mass of the solid phase, respectively. Once the adsorption equilibrium is established, the LF isotherm can be applied as follows:
( 3) Equation (3) can be rewritten for each component according to equation (4), which corresponds to the BTEX and phenol multi-component systems (i = b, t, e, x, p).
(4)
The solutions of the mass balance equations system [equation (3)] were obtained by the fourthorder Runge-Kutta method (MATLAB R2011a). A numerical optimization procedure was associated with the solution method where the initialization values of the kinetic parameters (k′ ai ) were estimated by the finite difference method, and the equilibrium data [q im , K i ; equation (5)] were obtained via a non-linear adjustment method (hybrid fractional error function, HYBRID). The parameter values were modified by comparing the solution of the equations in terms of the component concentrations with the experimental ones.
RESULTS AND DISCUSSION
Adsorbent
The modification of the crystalline structure by the addition of quaternary ammonium salt at 150% CEC for the smectite clay under study increased the basal interplanar distance (d 001 ) from 14.73 to 22.08 Å. Figure 1 shows the X-ray diffraction of the raw and modified clay. The presence of quaternary ammonium salts intercalated between the silicate layers often causes a peak displacement for smaller angles and an increase of basal spacing (d 001 ). The basal spacing depends on the length of the organic molecule and the angle with respect to the plane of the clay mineral layers. The results of CTAC treatment showed that there was a major expansion in the basal spacing of the chocolate smectite clay. The surface area increased from 33 to 62 m 2 g -1 (BET-N 2 ), which indicates that the treatment caused a significant increase in the clay surface, providing more
active sites. The chemical composition of clay before and after treatment with CTAC is shown in Table 1 . However, it is to be noted that the treatment with CTAC caused no significant changes in the basic composition of the modified clay compared with raw one. The intense dark brown colour of the material can be attributed to the high content of iron in clay minerals as observed by Zaitan et al. (2008) and Nayak and Singh (2007) 
Modelling and Parametric Evaluation
In Figures 2 and 3 , fitted model curves representing the adsorption kinetics of BTEX compounds and phenol [equation (3)], and expressed in terms of concentrations in the liquid phase, were compared with experimental values. Results of multi-component systems showed rapid adsorption kinetics, wherein the time required for achieving equilibrium did not exceed 20 minutes. Compounds that are more readily adsorbed by clays were ethylbenzene and xylenes, which was in accordance with the experimental observations in the multi-component system. The descending order of preference for adsorption is as follows: ethylbenzene > xylene > toluene > phenol > benzene. The adjustment curves of models representing the adsorption kinetics of BTEX compounds and phenol were compared with experimental values in Figures 2 and 3 . The experimental results are well represented by the kinetic model for all compounds. The assessment of the compounds studied provided adsorption kinetic constants k′i.
Rapid adsorption kinetics were observed for benzene and toluene, which attained equilibrium before 20 and 10 minutes, respectively. The results of this study are similar to those published by Lake and Rowe (2005) , who evaluated the adsorption of BTEX components on organoclays. Ethylbenzene and xylenes were those with the highest adsorption rates, showing the following order of preference: ethylbenzene > xylene > toluene > benzene. Studies on the adsorption of BTEX compounds by modified clay carried out by Aivalioti et al. (2010) resulted in high removal rates of p-xylene and ethylbenzene, while the removal rates of benzene were lower.
The adsorptive behaviour of ethylbenzene, xylenes and phenol is shown in Figure 3 . The state of equilibrium was achieved between 1 (phenol) and 2 minutes (ethylbenzene and xylenes). The results of this study are similar to those published by Lake and Rowe (2005), who evaluated the adsorption of BTEX components on organoclays. Phenol, ethylbenzene and xylenes were those with the highest Initial concentrations: xylenes (17.17 mg l -1 ), ethylbenzene (17.10 mg l -1 ) and phenol 20.00 mg l -1 . adsorption rates, followed by toluene and benzene. The order of preference is as follows: phenol > ethylbenzene > xylene > toluene > benzene. Studies on the adsorption of BTEX compounds by modified clay carried out by Aivalioti et al. (2010) resulted in increased removal of p-xylene and ethylbenzene, while the removal rates of benzene were lower. The five solutions with different initial compositions of BTEX and phenol were evaluated to establish the equilibrium conditions, which give the equilibrium adsorption isotherms. Figures 4 and 5 show the fitted model curves [equation (4)] of the multi-component adsorption equilibrium of BTEX and phenol on organophilic clays.
The equilibrium isotherms indicated the following descending order of affinity: ethylbenzene > xylene > toluene > phenol > benzene. The values of parameters n i , K′ i and q′ im and their correlation coefficients are shown in Table 2 . Correlation coefficients above 0.9973 represent a good adjustment of the LF model to experimental data observed on the equilibrium between The fitted model provided the adsorption constant value (K′ t ) for toluene, whose value indicates its adsorption affinity as the highest. However, the kinetics according to the value k′ t = 0.03 (min -1 mg l -1 ) 1.06 indicate that its adsorption rate was slower, which is a behaviour that reflects in the maximum adsorption capacity, the lowest compared with those of other constituents (q′ tm = 2.45 mg g -1 ). In contrast, phenol was found to be the fastest constituent when accessing the sites (k′ p = 1.71 min -1 mg l -1 ) 1.04 , showing maximum adsorption capacity (q′ pm = 22.40 mg g -1 ), which is approximately ten times greater than that of toluene.
CONCLUSIONS
The multi-component adsorption of aromatic compounds BTEX and phenol on organoclay was evaluated by fitting the results of the study to the LF combined model, to allow for the estimation of the adsorption parameter values. The maximum adsorption capacities (q′ m ) were quantified between 2.45 (toluene) and 22.40 mg g -1 (phenol), according to the simultaneous interaction of compounds. Multi-component systems showed rapid adsorption kinetics, in which the time required for achieving equilibrium did not exceed 30 minutes. Considering the competition for access to the adsorbent sites, the adsorption kinetics constant of phenol was the highest (k′ p = 1.71 min -1 mg l -1 ) 1.04 , showing that this is the fastest access to the clay surface. Toluene was the slowest (k′ t = 0.33 min -1 mg l -1 ) 1.06 . 
